The rhizobial bacterium Bradyrhizobium japonicum functions as a nitrogen-fixing symbiont of the soybean plant (Glycine max). Plants are capable of producing an oxidative burst, a rapid proliferation of reactive oxygen species (ROS), as a defense mechanism against pathogenic and symbiotic bacteria. Therefore, B. japonicum must be able to resist such a defense mechanism to initiate nodulation. In this study, paraquat, a known superoxide radical-inducing agent, was used to investigate this response. Genome-wide transcriptional profiles were created for both prolonged exposure (PE) and fulminant shock (FS) conditions. These profiles revealed that 190 and 86 genes were up-and downregulated for the former condition, and that 299 and 105 genes were up-and downregulated for the latter condition, respectively (>2.0-fold; P < 0.05). Many genes within putative operons for F 0 F 1 -ATP synthase, chemotaxis, transport, and ribosomal proteins were upregulated during PE. The transcriptional profile for the FS condition strangely resembled that of a bacteroid condition, including the FixK 2 transcription factor and most of its response elements. However, genes encoding canonical ROS scavenging enzymes, such as superoxide dismutase and catalase, were not detected, suggesting constitutive expression of those genes by endogenous ROS. Various physiological tests, including exopolysaccharide (EPS), cellular protein, and motility characterization, were performed to corroborate the gene expression data. The results suggest that B. japonicum responds to tolerable oxidative stress during PE through enhanced motility, increased translational activity, and EPS production, in addition to the expression of genes involved in global stress responses, such as chaperones and sigma factors.
Bradyrhizobium japonicum, which belongs to the family Bradyrhizobiaceae of the order Rhizobiales, is an inhabitant of the soil which can exist in either a free-living state or an endosymbiont state in association with host plants. In the latter state, the host specificity of B. japonicum allows it to establish a symbiotic relationship with the soybean plant (Glycine max) by engaging in specific signaling and communication which involves plant-borne flavonoids and bacterial lipochitooligosaccharide Nod factors (11, 40) . In addition, B. japonicum is capable of diversity in its metabolism and energy production in response to environmental cues (24) . One variable that changes as B. japonicum transforms from a free-living state to a symbiotic state is the concentration of oxygen. It has been demonstrated that a concentration difference on the magnitude of 5 orders of 10 (34) exists between the two states. Reactive oxygen species (ROS) are created within cellular systems as a by-product of aerobic respiration because of the incomplete reduction of molecular oxygen at the terminus of the electron transport chain. These reactive oxygen molecules are capable of modifying cellular components, such as lipids, proteins, and nucleic acids, due to their contribution to the propagation of free radicals within a cell.
A key aspect of a plant-microbe interaction involving either pathogenic or nonpathogenic but invasive bacteria is an induction of the plant's innate defense mechanism, which has been termed the hypersensitive disease resistance response (35) . This nonspecific localized response is mediated by ROS, such as hydrogen peroxide and the superoxide anion radical (3, 4, 31, 36, 51, 53) . Symbiotic bacteria of necessity must possess compensatory mechanisms for the plant innate defense mechanisms to initiate symbiosis. These mechanisms include activation of detoxification enzymes, exopolysaccharide (EPS) production, and biofilm formation, all of which have been suggested to play a role in tolerance to a variety of stresses, such as ROS (33) , desiccation (16) , and cytotoxic host immune responses (18, 19) .
Paraquat (1,1Ј-dimethyl-4,4Ј-bipyridylium dichloride or methyl viologen) is an ROS-inducing agent and indirectly contributes to oxidative stress in the cytosol by its interaction with membrane-bound cytochrome c. The paraquat radical is capable of diffusion across the cellular membranes of bacteria (27) . The overall mechanism for its toxicity involves a net production of superoxide anion radicals in the intracellular compartment and a moderate degree of extracellular production of superoxide anion radicals and hydrogen peroxide (13) . The toxic effects of paraquat on a prokaryotic system have been demonstrated to be augmented by the presence of oxygen and also depend on nutritional factors such as substrate availability and medium composition (27, 29) . The transcriptional response to paraquat in prokaryotic systems, namely, Escherichia coli (28, 29) , has been shown to involve the canonical mecha-nism of detoxification by manganese-superoxide dismutase and downstream enzymes such as catalases and peroxidases.
Many studies of oxidative stress have been performed using shock experiments in which the bacteria are exposed to a high concentration of the ROS for a short time period (5, 39, 50) . However, little is known about how bacteria respond to tolerable, low concentrations of ROS for a long time. It is not difficult to conceive of the notion that bacteria inhabiting the soil and the rhizosphere experience low concentrations of ROS in addition to the high concentrations that have been conventionally used in most transcriptional analyses. It can also be reasonably hypothesized that cells subjected to a high concentration rarely experienced in nature may not respond in a coherent and realistic manner because of the excessive levels of stress. A state of prolonged exposure to a moderate concentration allows a cell to gradually acclimatize to the experimental variable and may provide a more comprehensive overview of its metabolic adjustment to ROS. Moreover, the concentration of ROS within the rhizosphere is not static but is characterized by a fluctuation of the relative concentration. Therefore, the proceeding experimentation has been designed to consist of two categories. The first method is referred to as the fulminant shock (FS) treatment of cells, which uses a high, sublethal concentration of paraquat. The other method has been termed the prolonged exposure (PE) condition, in which low concentrations are used to provide a balanced approach to the transcriptional profile of B. japonicum.
In this study, we demonstrate the transcriptional and physiological responses of B. japonicum to oxidative stress induced by paraquat. The elucidation of possible stress tolerance mechanisms will provide insight into the plant-microbe interaction between B. japonicum and Glycine max as well as other rhizobia and their respective symbiotic partners.
MATERIALS AND METHODS
Bacterial strain and growth conditions. The wild-type strain, B. japonicum USDA 110, was routinely cultured in arabinose-gluconate (AG) medium (48) , which contained 125 mg NaHPO 4 , 250 mg Na 2 SO 4 , 320 mg NH 4 Cl, 180 mg MgSO 4 ⅐ 7H 2 O, 10 mg CaCl 2 , 4 mg FeCl 3 , 1.3 g HEPES, 1.1 g morpholineethanesulfonic acid (MES), 1.0 g yeast extract, 1.0 g L-arabinose, and 1.0 g D-gluconic acid sodium salt per liter with the pH adjusted to 6.8. All cultures were maintained aerobically at 30°C with shaking (200 rpm).
PE experimental conditions. Growth curves were produced for B. japonicum during PE to paraquat (Aldrich) at various concentrations (10, 50 , and 100 M and 1 mM) in order to ascertain which concentration had an intermediate effect on generation time and the final optical density. Measurements of turbidity (optical density at 600 nm [OD 600 ]) were taken every 8 to 12 h with an ultraviolet-visible (UV-Vis) spectrophotometer (Genesys 5; Spectronic Instruments) and plotted against time on the abscissa. Paraquat was added to AG medium at the time of inoculation to create final concentrations of 10, 50, and 100 M and 1 mM.
FS experimental conditions. For induction of an FS stress condition, paraquat was added after cell cultures had achieved an OD 600 of 0.8. Cells were treated with various concentrations of paraquat (100, 250, 500, and 750 M and 1, 5, 10, and 20 mM) for 10, 20, and 30 min. After being subjected to paraquat, cells were plated on AG medium plates. Then, CFU were counted after 4 days of incubation at 30°C. The experimental condition was chosen from the concentration and time variables which had intermediate and sublethal effects on the viable cell counts.
Isolation of total RNA. Cells were harvested from 250-ml cultures during mid-log phase (OD 600 of ϳ0.6 to 0.8) after PE to paraquat and after FS treatment with paraquat by 10% stop solution (5% H 2 O-phenol, pH 4.3, in 100% ethanol). Cells were recovered by centrifugation at 8,000 ϫ g for 20 min, flash frozen in liquid N 2 , and stored at Ϫ80°C until use. Total RNA was isolated from cell pellets using a modified hot-phenol method as previously described (7) . DNase treatment and purification of total RNA were performed by using an RNase-free DNase set (Qiagen) and the RNeasy minikit (Qiagen) according to the manufacturer's protocols. RNA quality was analyzed on 0.8% agarose gels, and RNA quantity was measured by the NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
Global gene expression analysis by microarray hybridization. Genome-wide transcriptional profiles were created from the hybridization of cDNA samples labeled with Amersham Cy3 and Cy5 monoreactive dyes (GE Healthcare) to microarray chips containing 70-mer oligonucleotides that were complementary to each of the 8,453 annotated open reading frames (ORFs) of B. japonicum (15) . Thirty micrograms of total RNA was used for cDNA synthesis, and 5 g of cDNA from both control and experimental conditions was used for labeling and hybridization. The detailed protocols for cDNA synthesis, cDNA labeling, hybridization, and washing have been described previously (15) . A total of three independent biological replicates were prepared for each condition, which included a dye-swap for each replicate, resulting in a total of 6 slides for each experimental condition.
Statistical analysis of microarray data. The slides were scanned with the Axon GenePix 4200 scanner, and GenePix Pro 6.0 software was used to measure intensity values at each spot. The signal intensities were normalized for slide and spot abnormalities using the locally weighted scatterplot smoothing (LOWESS) algorithm and subsequently analyzed by mixed-effect microarray analysis of variance (MAANOVA) (32) . Values obtained from this round of analysis were input into a significance analysis of microarray (SAM) statistical package (57) to create a list of differentially expressed genes with a fold induction threshold of 1.5 or 2.0 and a false-discovery rate (FDR) of 5% or less (q Յ 0.05 [q is the adjusted P value by FDR-based multiple testing correction]).
qRT-PCR analysis. Representative genes which were differentially expressed from the microarray data were chosen for quantitative reverse transcription-PCR (qRT-PCR) analysis to confirm the microarray data. Primers were designed with Primer 3 software (http://frodo.wi.mit.edu/primer3/) to amplify 80-to 250-bp regions of the chosen genes (see Table S1 in the supplemental material). Two micrograms of the same RNA that was used in the microarray experiment was employed to synthesize cDNA. The process was performed according to a previously described protocol (20) . Relative expression values for three biological replicates were normalized to the expression values of a housekeeping gene (bll0631; parA), which encodes a chromosome-partitioning protein. Fold induction values were calculated in accordance with the method of Pfaffl (42) .
Construction of the ⌬cheA mutant. The locus blr2343 (cheA) was chosen for mutagenesis based on the transcriptomics data. The mutant strain (⌬cheA) was created by amplification of a 3,663-bp fragment containing the 1,911-bp cheA gene and additional 892-bp 5Ј upstream and 860-bp 3Ј downstream portions with the primers TGATTCGCGTCAAACGTGTATCGG (forward) and TCATCTT GGCGTATGTCACAGCGA (reverse). The 3,663-bp fragment was cloned into the pKnockout ⍀ suicide vector (59) . A kanamycin cassette from pHP45⍀-Km (22) was inserted inside the cloned gene to disrupt it. The resulting construct was transferred from E. coli DH5␣ to B. japonicum USDA 110 by triparental mating with the helper strain containing pRK2073. Transconjugants were selected based on double homologous recombination, which confers kanamycin resistance and streptomycin sensitivity. The mutant strain was confirmed by Southern blot analysis and colony PCR analysis (data not shown).
Measurement of ROS in vitro.
Fifty microliters of a 20-M stock solution of dihydroethidium (Molecular Probes) in dimethyl sulfoxide was combined with 50 l of the samples to create a final concentration of 10 M and incubated for 1 h at 37°C in the dark. Absorbance was measured at the max for fluorescence excitation (300 nm) of dihydroethidium using a 96-well microtiter plate reader (Synergy 2; BioTek). Nine replications were performed at the harvesting time for the growth of B. japonicum when subjected to 100 M paraquat (for the PE condition) and for 10 min following treatment with 5 mM paraquat (for the FS treatment). The medium itself and medium with paraquat were also used as internal controls.
Capillary assay for chemotaxis. The effect of paraquat on chemotaxis was investigated using a previously described capillary assay (1) . Briefly, a mid-log phase culture was harvested by centrifugation at 8,000 ϫ g and resuspended into AG medium to adjust cell numbers to ca. 10 9 cells per milliliter. The sample was divided into three parts, and medium was added to reconstitute ca. 3.3 ϫ 10 8 cells for each sample in 1 ml. The capillary test was performed using the capillary tube apparatus as described previously (1) . CFU were counted after incubation for 3 to 4 days. Therefore, the approximate influx of motile cells into the capillary tube was measured. A ratio of the treated cells over the control cells was calculated to infer the effects of 100 M paraquat on chemotaxis. A ratio greater than 1 indicates that the test substance is an attractant, and a ratio less than 1 indicates that the substance is a repellant. A ratio close to 1 is indicative of no net effect on chemotaxis. The chemotaxis of the mutant strain (⌬cheA) was also assayed to compare it with that of the wild type.
EPS isolation and quantification. B. japonicum cultures treated with 0, 100, 250, and 500 M paraquat were grown until the late log phase and the extracellular materials were recovered by centrifugation at 16,000 ϫ g for 30 min at 4°C. The supernatant was filtered with sterilized 0.45-m filters and treated with DNase I and proteinase K as described previously (6, 46) . The EPSs were precipitated with three volumes of 100% ethanol at Ϫ20°C overnight. The ethanolic supernatant was subject to the second ethanol precipitation to ensure adequate EPS recovery (10, 16) . The EPSs were dried at room temperature before being resuspended in deionized water. Total carbohydrate content was measured with the phenol-sulfuric acid method (21) , in which glucose was the standard, and the acidic carbohydrate content was determined by the m-phenylphenol method (8) with D-glucuronic acid as the standard. The carbohydrate content was normalized to the total protein.
Isolation and quantification of cellular protein. Cellular protein was isolated from the same cell pellets from the cultures used for EPS quantification. The cell pellets were resuspended in 20 ml 1N NaOH and incubated at 80°C for 30 min to lyse the cells and recover the cellular proteins in the supernatant. The cellular protein content was determined by the method of Bradford (9), in which bovine serum albumin served as a reference.
Microarray data accession numbers. The microarray data from this study are compiled in the NCBI Gene Expression Omnibus (GEO) database (http://www .ncbi.nlm.nih.gov/geo/) and are accessible through the GEO series accession numbers GSE26252 and GSE26236 for PE and FS treatments, respectively.
RESULTS
Bacterial growth characteristics during prolonged exposure (PE) to paraquat. The growth characteristics of B. japonicum when subjected to various concentrations of paraquat from the time of inoculation were examined, and an optimal concentration for the PE experiment was determined to create a genome-wide transcriptional profile. As shown in Fig. 1 , the high concentration (1 mM) of paraquat affected both the lag phase and the generation time. B. japonicum cultures supplemented with 10, 50, and 100 M paraquat also experienced a lengthened acclimation period but had a growth rate comparable to that of the control, although the maximum density of cells treated with 100 M paraquat is lower than that of the control (Fig. 1) . Given that the oxidative stress condition of 100 M paraquat had intermediate effects on cellular processes and physiology without excessive lethality, this condition was chosen for PE experiments and the transcriptomics study.
Bacterial survival after FS treatment with paraquat. The effects of a concentration spectrum of paraquat on the survival of B. japonicum were investigated to determine an optimal condition for FS experiments. After a 10-min treatment period, 5, 10, and 20 mM paraquat caused a diminution of the viable cell count by 22%, 24%, and 32%, respectively (Fig. 2) . However, by 30 min there was a steady-state in CFU with little decline, approximately 40% for the three concentrations. Due to the intermediate consequences on cell viability, we chose the treatment parameters of a 5 mM concentration and 10 min for the creation of genome-wide transcriptional profiles.
Genome-wide transcriptional analyses of cells exposed to paraquat-mediated oxidative stress. Genome-wide transcriptional profiles were generated from both cells subjected to the low concentration (100 M) of paraquat throughout their entire growth phase, and cultures treated with the high concentration (5 mM) of paraquat for a short time period (10 min). Both transcriptional profiles reveal that the distribution of affected cellular functional categories between the two conditions is different but does contain some overlap (Fig. 3) . At the time of cell harvest, we also checked the ROS level since the concentration of paraquat used, specifically in the PE treatment, may have been detoxified earlier. To ensure that superoxide was still present at the time of the transcriptional analysis, we conducted an assay for superoxide radicals. Relative superoxide levels were inferred from the intercalation of DNA with 2-hydroxyethidium, which is a product of the oxidation of dihydroethidium by the superoxide anion radical. Endogenous superoxide has been shown to selectively oxidize dihydroethidium (47, 60, 61) . As shown in Fig. 4 , the difference in superoxide levels is displayed at the time of cell harvest for transcriptional profiling for both conditions. A statistically significant amount of intracellular superoxide was still present in the experimental cultures. This result eliminated the possibility of the paraquat-mediated production of superoxide radicals having been quenched before the transcriptional analysis was performed.
A total of 190 genes were upregulated and 86 genes were downregulated (2.0-fold cutoff with a P value of Ͻ0.05) during PE to paraquat with diversity in the functional classification of the differentially expressed genes (see Table S2 in the supplemental material). A substantial difference was observed within the functional classifications of cellular processes, cell envelope, energy metabolism, translation, and transport and binding proteins (Fig. 5A) . Most differentially expressed genes within these categories were upregulated. However, many of the genes within the regulation category were downregulated by PE to paraquat. The more interesting results from this experiment were the comprehensive induction of genes involved in chemotaxis, translation factors, and the two putative ATP synthase operons within the B. japonicum genome (Table  1) . Specifically, out of a total of 31/44 (2.0/1.5 fold induction) differentially expressed chemotaxis genes, all of them were upregulated (see Table S2 ). In addition, genes belonging to the subclassifications of molecular chaperones, nucleic acid modification and repair proteins, and oxidative stress mechanisms were expected to be augmented in their relative expression levels, and such was the case. The most unexpected result was the failure to detect the induction of canonical detoxification enzymes, such as superoxide dismutase and catalase. The two superoxide-dismutase enzymes (bll7559 and bll8073), which depend on a manganese cofactor, were not detected in B. japonicum, although the manganese cofactor enzyme has been demonstrated to be the primary detoxification response to superoxide in E. coli (25, 26, 28) . A total of 299 genes were upregulated and 105 were downregulated (2.0-fold cutoff with a P value of Ͻ0.05) for the FS condition (Table S3) . A majority of the differentially expressed genes are listed under the classification of hypothetical or other categories. Most genes within the categories of central intermediary metabolism, of which most function in nitrogen fixation or nitrogen metabolism, and regulatory functions had augmented expression levels relative to that of the control. The FS treatment also induced the expression of the FixK 2 transcription factor and most of its target genes (Table 2) , which are necessary for microaerobic, anaerobic, and symbiotic growth conditions (38) . These targets include the fixNOQP operon, which encodes proteins related to an alternative, highaffinity cytochrome c oxidase complex (44, 45) . Other targets include the fixGHIS operon, the rpoN 1 sigma factor, heme biosynthesis genes, and possibly genes for nitrate respiration, all of which are induced when oxygen availability is limited (23, 37, 38, 45) .
In a comparison of the transcriptional profiles of bacteroids isolated from soybean root nodules and aerobically grown freeliving cells, Pessi et al. reported two statistically significant overrepresented functional categories in the bacteroid cells, which are central intermediary metabolism and transport and binding proteins (41) . A similar pattern was observed in cells exposed to an FS treatment of paraquat ( Fig. 5B and Table 2 ). In general, the results of the transcriptional profiles of B. japonicum when subjected to paraquat-mediated oxidative stress are strangely similar to a transcriptional profile of a bacteroid state. Genes within the subcategories of molecular chaperones, respiration, and transport and binding functions were also upregulated (Table 2 ). Within the context of this experimental condition, the transcript levels for superoxide dismutase and catalase were not changed as in the case of the PE condition. A complete list of all genes for both conditions can be found in Tables S2 and S3 in the supplemental material.
Validation of microarray expression by qRT-PCR. In order to confirm the microarray expression data, fold induction values for representative genes from each experimental condition were determined by qRT-PCR. The genes for qRT-PCR analysis were chosen based on a range of fold induction values and by their diversity in function. All of the chosen genes from both PE and FS conditions yielded consistent results with little deviation (R 2 ϭ 0.92), indicating that the microarray data have been validated by the qRT-PCR method (Fig. 6) .
Differential activation of oxidative stress response mechanisms between PE and FS. PE to paraquat induced 17 oxidative stress-responsive genes, of which most were upregulated (Table 3) . Organic hydroperoxide resistance protein (bll0735) was the only common gene induced in both PE and FS conditions. In addition, 4 sigma factorrelated genes were upregulated in the FS treatment ( Table 2 ), indicating that these sigma factors may function in the amelioration of fulminant shock. Interestingly, the failure to detect the induction of catalase (kat) and superoxide dismutase (sod) genes commonly known to be induced by oxidative stresses led us to employ qRT-PCR to confirm the negative result. Genes encoding a Fe/Mn superoxide dismutase (bll7559), alkyl hydroperoxide reductase (bll1777), and catalase (blr0778) also failed to meet 2.0 threshold values by qRT-PCR analysis (data not shown), which suggests constitutive expression of these proteins and dependence upon alternative methods for oxidative stress tolerance. Translational activity is increased during PE but decreased by FS. One interesting finding in the gene expression data is related to translational machinery. A total of 21/56 (2.0/1.5-fold cutoff) translation-related genes were expressed higher under the PE conditions (see Table S2 in the supplemental material), while no genes encoding ribosomal proteins were expressed in the FS treatment (see Table S3 in the supplemental material). In general, there is an increased demand for translational machinery for metabolically active cells. For example, more translation-related genes were upregulated in the faster-growing cells (15, 56) . However, our growth data do not support an increased demand for translational machinery due to higher metabolic activity, since the growth rate in 100 M paraquat is comparable to that of the control (Fig. 1) . This discrepancy led us to measure total protein content in response to paraquat-mediated oxidative stress during PE. The total cellular protein for cultures supplemented with 100 M paraquat was 15.61 Ϯ 0.63 mg/ml, while the protein content of control cultures was 9.50 Ϯ 0.47 mg/ml, which means a 61% increase in total cellular protein was evident for treatment with paraquat. Given that all cells were harvested at the same OD (approximately 0.6 at 600 nm), our protein data are consistent with the transcriptomic data. Under the FS condition, there was no difference in total protein content between the control and 5 mM paraquat for 10 min (data not shown), which is also in agreement with gene expression data. However, we prefer to interpret the latter result by concluding that 10 min was not sufficient enough to compare levels of total proteins before and after the treatment.
Paraquat-mediated oxidative stress modulates motility characteristics. Another interesting finding was induction of motility-related gene clusters in the PE treatment. A total of 31/44 (2.0/1.5-fold cutoff) chemotaxis genes were upregulated (see Table S2 in the supplemental material). The FS treatment, to the contrary, caused a repression of most chemotaxis genes that were differentially expressed at a 2-fold cutoff (see Table  S3 ). The high level of expression of chemotaxis genes may indicate that the chemical added to the culture is an attractant, and therefore bacteria move toward it. However, our capillary assay has determined that paraquat has a negative chemotactic effect, indicating that it is a repellent (Fig. 7) . The ⌬cheA (blr2343) mutant strain was constructed and used as a negative control in the assay (Fig. 7) . This gene was chosen because it encodes a key two-component sensor histidine kinase and is part of a more complete gene cluster. Moreover, the contiguous genes within the same putative operon were concomitantly induced during PE. The result suggests that B. japonicum activates chemotaxis functions to stay away from potential toxicity caused by paraquat. This finding is of particular importance because expression of chemotaxis genes can be induced by either an attractant or a repellant. The latter case is often neglected in bacterial chemotaxis studies. Alternatively, we cannot rule out the possibility that apparent gene expression may be modified at the posttranscriptional level. EPS production is enhanced in the presence of ROS. In this transcriptional profiling, we expected that more EPS-related genes would be expressed because of the protective nature of FIG. 6 . Comparison of log 2 -transformed qRT-PCR data and microarray data of 18 representative genes from both conditions. These genes were selected based on fold induction and functional categories. The corresponding gene names for the locus IDs are as follows: bll1028 (carQ), blr2764 (fixO), blr4635 (groEL), bll5813 (flgC), blr2221 (bioA), bll6866 (fla), blr6333 (bkdB), bll5412 (rplJ), bll6879 (fliN), and blr2581 (cbbF). blr1602, blr4258, bll0256, blr3815, bll4012, bsl2574, blr4701, blr5517, and bll0631 lack assigned names. Open triangles, prolonged exposure (PE); closed triangles, fulminant shock (FS). (33) . In a predetermined hypothesis, one of the physiological responses of B. japonicum to oxidative stress was an increase in the net production of EPS as a possible compensatory mechanism for the innate host defense mechanisms (12, 33) . Nonetheless, there was no transcriptomic evidence for enhanced EPS production except for blr7573 (exoU), which does not exclude the possibility of posttranscriptional regulation as the cause of excessive EPS. Thus, we measured the total amount of EPSs during PE to paraquat. It is nearly 2-fold more than in the case of the control, although there is approximately a 50% increase in the 500 M paraquat treatment (Fig. 8A) , suggesting that EPS production is induced by paraquat-mediated oxidative stress. However, there is no direct correlation between increasing the concentration and EPS production, which may suggest a refractory effect upon achieving a threshold concentration. We also quantified the subclass of acidic carbohydrate content as expressed in glucuronic acid equivalents (Fig. 8B) . Uronic acids such as alginate, composed of mannuronic and guluronic acids, have been known to be involved in tolerance to desiccation and associated oxidative stresses in Pseudomonas putida, a typical soil bacterium (16, 17) . Acidic sugars were not detected in control cultures, while relatively similar amounts of uronic acids were present across various concentrations of paraquat (Fig. 8B) . EPS quantification analysis for both the total and acidic sugars indicates that more EPS production is one of the ROS-responsive mechanisms in B. japonicum. Regulation of EPS production in response to paraquat-mediated oxidative stress may also be controlled at the posttranscriptional level.
DISCUSSION
Under conditions of prolonged exposure (PE), B. japonicum requires longer acclimation time, compared with the control (no paraquat), to adapt to superoxide-mediated oxidative stress, presumably through detoxification mechanisms as well as through other indirect mechanisms, before exponential growth is achieved. Under conditions of fulminant shock (FS), the net effect of adding 5 mM paraquat to a proliferating culture was a swift reduction in viable cell counts within a short time period (10 min), as was expected. A shock experimental condition within a short time period exceeds the capacity of cells to respond and return to homeostasis, which is evidenced by a rapid decrease in viable cells or cell survival. This high concentration was chosen to generate a gene expression profile of B. japonicum during a systemic and desperate response to oxidative stress whose magnitude is rarely experienced for a lengthy period of time under normal environmental conditions.
A more consummate picture of the transcriptional activities of B. japonicum during oxidative stress is made possible by comparing these two distinct parameters of PE and FS. Chemotaxis, chaperones, respiration, translation, and transport are the primary functional categories affected during PE to paraquat. Chemotaxis is worth addressing because most of the differentially expressed genes in this category are upregulated. However, in the FS treatment most of the chemotaxis genes did not change, and some were even downregulated, which is consistent with other genome-wide transcriptional studies of Staphylococcus aureus (14) , Pseudomonas aeruginosa (50) , and E. coli (58) , where shock concentrations of hydrogen peroxide were applied to the cultures. Another study of E. coli which used paraquat for treatment of early-log-phase cultures did not show induction of chemotaxis-related genes (43) . The observed increase in chemotaxis can be explained as an evasive mechanism. When exposed to low levels of ROS, bacteria can respond by increasing motility to limit the damage of the superoxide radicals. However, under conditions of a high level of ROS they may not have enough time to adjust and activate their motility machinery. Instead, cells may utilize much quicker mechanisms, such as chaperones and sigma factors, to ameliorate the toxicity of ROS.
Aerobic respiration also appears to be regulated under both PE and FS conditions. The putative ATP synthase operons and some proteins associated with electron transport immediately upstream in the aerobic respiratory chain to ATP synthase, such as the Rieske Fe-S protein-cytochrome bc 1 complex (blr2485) and the cytochrome aa 3 terminal oxidase (blr1171), were moderately upregulated during PE to paraquat. Tamarit et al. (54) report that the ␤-subunit of the F 0 F 1 -ATPase is a specific protein damaged by superoxide stress. The induction of cytochrome c oxidase genes has also been observed in global transcriptome analysis of E. coli exposed to paraquat-mediated oxidative stress (43) . Hassan and Fridovich have demonstrated that the toxicity of paraquat is oxygen and nutrient dependent and also augments what they have termed as cyanide-insensitive respiration, which applies to the terminal cytochrome c oxidase complex (28, 29) . They also postulated that paraquat is able to subvert electron flow through the cytochrome c oxidase complex directly to molecular oxygen, thereby increasing en- Various genes encoding proteins from the tricarboxylic acid (TCA) cycle, such as aconitase (bll0466), enolase (bll4794), succinate dehydrogenase (blr0513), and most notably the pyruvate dehydrogenase complex (blr6333 and blr6334), which links the TCA cycle and the glycolytic pathway, were upregulated under both conditions. Genome-wide transcriptional profiles of P. aeruginosa and Sinorhizobium meliloti indicate a moderate increase in expression levels for proteins within the pyruvate dehydrogenase complex in response to oxidative stress (5, 49) . In the case of P. aeruginosa, genes encoding proteins that function in the TCA cycle and the terminal aerobic respiratory chain complex are upregulated, which is in agreement with B. japonicum gene expression.
The transcriptional profile for B. japonicum during FS oxidative stress was strangely identical to a symbiotic state which included activation of the FixLJ-FixK 2 regulatory pathway. However, Mesa et al. reported a repression of these target genes of the FixLJ-FixK 2 pathway in response to oxidative stress (37) , which is incongruous with our findings. The rationale for the contradictory results would be the differing background conditions. In this study, all transcriptional analyses were performed under aerobic conditions, while a microoxic condition was used in the previous study, which may not allow for a direct comparison. Furthermore, Western blot analysis conducted in vivo across a variety of conditions (i.e., oxic, microoxic, and anoxic) reveals a somewhat constitutive expression of FixK 2 transcripts, which hints at a possible control mechanism at the posttranslational level. Alternatively, it can be explained by the toxicity mechanism of the paraquat radical which reacts with molecular oxygen, resulting in a superoxide anion radical. A fulminant increase in the concentration of paraquat would cause a rapid conversion of free oxygen into superoxide, thereby creating a transient microoxic condition in which the induced FixK 2 positively regulates the fixNOQP and fixGHIS operons (38) . Hence, the bacteria would adjust their transcriptional profiles as if they were in a bacteroid state whose environment is typically microoxic.
Only one gene (blr7573; exoU) encoding UDP-hexose transferase associated with EPS production was moderately upregulated. Nevertheless, we performed EPS quantification because an a priori hypothesis was that B. japonicum would produce more EPS as a defense mechanism against oxidative stress. In addition, a number of previous studies investigating various stresses, such as desiccation (16, 20, 55) and cytotoxic immune responses (12, 18, 19) , have reported elevated EPS production against those stresses. Indeed, our EPS quantification results are consistent with that of previous findings and therefore support our original hypothesis regardless of the transcriptomic profiles, suggesting possible regulation of EPS production at the posttranscriptional level. In a study on the virulence of Streptococcus mutans in response to oxygen availability, the authors demonstrate that the EPS machinery is modulated posttranscriptionally in the regulation of the biofilm microhabitat (2) . The subset of acidic, anionic carbohydrate content of the EPS was also included in addition to total EPS content because the acidic sugars have been demonstrated to play a crucial role in biofilm and EPS integrity in bacteria within the Pseudomonas genus (30, 50) .
Only a few genes encoding proteins involved in oxidative stress were highly expressed in both PE and FS. The expression of the canonical detoxification enzymes superoxide dismutase and catalase was not detected under either condition. However, moderate induction (between 1.5-and 2.0-fold) was evident of organic hydroperoxide resistance proteins, glutathionerelated genes, and some oxidoreductases (Table 3) . Similarly, Salunkhe et al. did not detect upregulation of catalase (katA), superoxide dismutase (sodB), or alkyl hydroperoxide reductases (ahpB and ahpC) in their expression analysis of three strains of P. aeruginosa in response to superoxide stress (49) . Moreover, evidence has been provided that these genes are already constitutively expressed at such a high level, and thus any exposure to oxidative stress would not be effective in further induction of these genes. This certainly appears to be the case for B. japonicum. The superoxide assay in this study revealed not only that excessive superoxide was present at the time of cell harvest, but that a basal level, presumably from endogenous ROS, was present in control cultures (data not shown), which would induce transcription of these detoxification enzymes. In addition, FS caused significant upregulation of a gene (hemN 2 ) involved in heme biosynthesis, which has been demonstrated to be functional during anaerobic and symbiotic growth (23) . This is also evidence for a transcriptional profile that resembles that of a symbiotic condition. The most pertinent conclusion from these enumerated findings is that B. japonicum is capable of diverse physiological responses to tolerable oxidative stress levels, which include enhanced motility, translational activity, respiration, and EPS production.
